Recessive mutations of sulfonylurea receptor 1 (SUR1) and potassium inward rectifier 6.2 (Kir6.2), the two adjacent genes on chromosome 11p that comprise the ␤-cell plasma membrane ATP-sensitive K ؉ (K ATP ) channels, are responsible for the most common form of congenital hyperinsulinism in children. The present study was undertaken to identify the genetic defect in a family with dominantly inherited hyperinsulinism affecting five individuals in three generations. Clinical tests were carried out in three of the patients using acute insulin responses (AIRs) to intravenous stimuli to localize the site of defect in insulin regulation. The affected individuals showed abnormal positive calcium AIR, normal negative leucine AIR, subnormal positive glucose AIR, and impaired tolbutamide AIR. This AIR pattern suggested a K ATP channel defect because it resembled that seen in children with recessive hyperinsulinism due to two common SUR1 mutations, g3992-9a and delPhe1388. Genetic linkage to the K ATP locus was established using intragenic polymorphisms. Mutation analysis identified a novel trinucleotide deletion in SUR1 exon 34 that results in the loss of serine 1387. Studies of delSer1387 in COSm6 cells confirmed that the expressed mutant protein assembles with Kir6.2 and trafficks to the plasma membrane, but it had no 86 Rb efflux ion transport activity. These results indicate that hyperinsulinism in this family is caused by a SUR1 mutation that is expressed dominantly rather than recessively. Diabetes 52:2403-2410, 2003 C ongenital hyperinsulinism in children is a disorder of persistent hypoglycemia that is caused by genetic mutations in the pathways regulating insulin secretion by pancreatic islets (1). The most common of these disorders is associated with recessive mutations of the two adjacent genes on chromosome 11p that comprise the ␤-cell ATP-sensitive K ϩ (K ATP ) channel: the high-affinity sulfonylurea receptor 1 (SUR1 or ABCC8) and its regulated ion pore, potassium inward rectifier 6.2 (Kir6.2 or KCNJ11) (2-5). Mutations in these channel genes can also cause sporadic focal hyperinsulinism through a two-hit mechanism involving loss of heterozygosity for the maternal 11p, leading to expression of a paternally transmitted K ATP mutation (6,7). In addition, Huopio et al. (8) recently reported a family with a dominantly expressed mutation of SUR1. Children with either the focal or diffuse forms of disease associated with K ATP channel mutations often present with severe hypoglycemia at birth. Because the channel is impaired, they often do not respond to medical therapy with the channel agonist diazoxide and thus frequently require near-total pancreatectomy.
C
ongenital hyperinsulinism in children is a disorder of persistent hypoglycemia that is caused by genetic mutations in the pathways regulating insulin secretion by pancreatic islets (1) . The most common of these disorders is associated with recessive mutations of the two adjacent genes on chromosome 11p that comprise the ␤-cell ATP-sensitive K ϩ (K ATP ) channel: the high-affinity sulfonylurea receptor 1 (SUR1 or ABCC8) and its regulated ion pore, potassium inward rectifier 6.2 (Kir6.2 or KCNJ11) (2) (3) (4) (5) . Mutations in these channel genes can also cause sporadic focal hyperinsulinism through a two-hit mechanism involving loss of heterozygosity for the maternal 11p, leading to expression of a paternally transmitted K ATP mutation (6, 7) . In addition, Huopio et al. (8) recently reported a family with a dominantly expressed mutation of SUR1. Children with either the focal or diffuse forms of disease associated with K ATP channel mutations often present with severe hypoglycemia at birth. Because the channel is impaired, they often do not respond to medical therapy with the channel agonist diazoxide and thus frequently require near-total pancreatectomy.
In 1998, we reported three families with congenital hyperinsulinism in whom the disease was transmitted in a dominant, rather than recessive, manner (9) . We subsequently identified the genetic defects in two of these families as being dominantly expressed mutations of glutamate dehydrogenase (GDH; GLUD1 on 10q) (10) and glucokinase (GCK on 7p) (11) . The genetic locus for the third of these three families with dominant hyperinsulinism was not identified. However, at that time, linkage analysis using tandem repeat markers in the 11p region appeared to exclude SUR1 and Kir6.2 as candidate genes.
The purpose of the present study was to identify the genetic defect in the third of our original three dominant hyperinsulinism families by using pharmacological tests of acute insulin responses (AIRs) to define potential sites of defect in the pathways controlling insulin secretion. Comparison with the AIR patterns found in children with other forms of congenital hyperinsulinism suggested the possibility of a K ATP channel defect in this family. Further investigations, including genetic linkage analysis using intragenic polymorphisms of SUR1, mutation analysis, and in vitro expression studies, confirmed this suspected site of defect.
RESEARCH DESIGN AND METHODS
Case synopsis. The clinical characteristics of this family have been previously published and are briefly summarized below (9, 12) . The index patient (IIb in the pedigree shown in Fig. 1 ) is currently 40 years old. He first presented with seizures due to hypoglycemia at 5 months of age. He underwent a subtotal pancreatectomy at 3 years old but continued to have persistent hypoglycemia and was treated with diazoxide. Although he was considered to respond to diazoxide, occasional hypoglycemia continued. Diazoxide was discontinued at age 12 years, but hypoglycemia recurred intermittently. At 38 years of age, he was diagnosed with mild diabetes, which has been well controlled by treatment with metformin (HbA 1c 5.9%).
The index patient's younger brother (IIc in the pedigree), currently 39 years of age, first presented with hypoglycemia at 8 months of age. He was treated with diazoxide and, like his brother, was considered to have improved blood glucose control, although occasional symptoms of hypoglycemia persisted. As with his brother, at 10 years of age, diazoxide treatment was discontinued in accordance with the expectation at that time of eventual remission of hypoglycemia. He has had occasional seizures that were thought to reflect previous hypoglycemic brain injury, but recently they were found to be caused by symptomatic hypoglycemia. These episodes frequently occur in the early afternoon after protein-containing meals. Because of these episodes of hypoglycemic seizures, he was restarted on diazoxide 1 year ago, with a reduction in the frequency of both seizures and symptomatic episodes of hypoglycemia.
Patient Ib, the mother of the index patient, was not diagnosed with hyperinsulinism until 40 years of age, when she presented with hypoglycemic coma after an overnight fast. In retrospect, she recalled having symptoms of hypoglycemia since before the age of 15. These episodes have continued to occur up to her current age of 64 years, both postprandially and after prolonged fasting. She has not been treated with diazoxide because frequent feeding seems to prevent most episodes of hypoglycemia. Her intellect is normal, and she does not have seizures. She described her father as having unexplained lapses of consciousness that may have been unrecognized hypoglycemia. Patient Ib does not have diabetes.
Patient IIIb, now 8 years old, is the second child of the index patient, and she presented with hypoglycemia at 2 days of age. She was treated with diazoxide and frequent feeds. She has done well but continues to have occasional fasting hypoglycemia, despite being on a moderately high dose of diazoxide (11 mg ⅐ kg Ϫ1 ⅐ day Ϫ1 ). Her brother (patient IIIa), currently 10 years of age, has never had symptoms of hypoglycemia, but he was diagnosed with hyperinsulinism based on an abnormal fasting test performed when he was 5 years of age. Methods. The diagnosis of hyperinsulinism was based on clinical criteria at times of hypoglycemia, including inadequate suppression of insulin levels, inadequate elevations of ␤-hydroxybutyrate and free fatty acids, as well as an inappropriate glycemic response to glucagon (13, 14) .
Tests of AIR to calcium, glucose, leucine, and tolbutamide were performed as previously described (15) (16) (17) . Briefly, stimuli were given by rapid intravenous infusion at intervals of 1 h. AIR was defined as the mean increment in plasma insulin at 1 and 3 min poststimulation. Results were compared with values previously found in normal adults, in children with recessive hyperinsulinism caused by K ATP channel mutations, and in dominant GDH hyperinsulinism patients (15) (16) (17) . The recessive K ATP hyperinsulinism disease control subjects were either homozygous or compound heterozygous for the two common Ashkenazi Jewish SUR1 mutations (g3992-9a and delPhe1388); most children with these mutations present with severe neonatal hypoglycemia.
The hypoglycemic response to oral protein was determined as previously described using 1 g/kg protein (Resource Instant Protein Powder; Novartis) either after an overnight fast or 4 h after a light breakfast (18) . Plasma glucose and insulin responses were compared with values for normal adult control subjects previously reported and also to the responses of a disease control adult male with recessive K ATP hyperinsulinism (SUR1 g3992-9a/g3992-9a) who was known to have persistent fasting hypoglycemia.
Sensitivity to glucose-stimulated insulin secretion was assessed by a graded hyperglycemic stimulation test as previously described (16) . Briefly, glucose was infused intravenously in a stepped hyperglycemic ramp over a period of 3 h, and the changes in plasma insulin were measured at 10 -20 min intervals. Glucose sensitivity was expressed as the slope of the insulin versus glucose plot (U ⅐ mg Ϫ1 ⅐ 10 Ϫ2 ). Results were compared with data previously published from normal adult control subjects and children with recessive hyperinsulinism associated with SUR1 g3992-9a and delPhe1388 mutations (16) . Linkage and genetic analysis. Peripheral blood samples were obtained from family members for isolation of genomic DNA. Amplification of exons 2, 3, 16, 18, 27, 31, 33, 34 , and 39 from SUR1 was carried out as previously described (4) to detect the single nucleotide polymorphisms that are listed in Table 4 (19 -23) . PCR products for the family members were subjected to conformation-sensitive gel electrophoresis, as previously described (24) . Products displaying band shifts were further analyzed either by restriction endonuclease digestion for confirmation of common polymorphisms or by sequencing in cases of novel band patterns. SUR1 cDNA nucleotides and amino acids were numbered according to the sequence reported by Nestorowicz et al. (4) that includes the alternatively spliced exon 17 sequence (National Center for Biotechnology Information accession no. L78224). Pancreatic histopathology. Paraffin-embedded blocks from the pancreatectomy performed on patient IIb in 1963 were obtained. New sections were cut and examined by hematoxylin and eosin staining and by insulin immunohistochemical labeling. Multiple sections from the head, body, and tail of the pancreas were examined for evidence of endocrine tissue abnormalities (25) . SUR1 mutation expression. Plasmids containing human Kir6.2 and hamster SUR1 cDNA plus and minus a myc epitope were used as previously described (26) . Point mutation constructs of SUR1 were prepared using a Quick Change site-directed mutagenesis kit (Stratagene). The integrity of the constructs was confirmed through restriction mapping and sequencing.
For transient expression experiments, COSm6 cells were cultured in Dulbecco's modified Eagle's medium containing 4.5 g/l glucose supplemented with 10% fetal bovine serum. At 80% confluence, cells were transfected with 8 g of SUR1 and 1 g of Kir6.2 by electroporating 7 ϫ 10 6 cells at 0.550 V/mm. The following day, whole-cell photolabeling and surface expression were performed. At 48 h after electroporation, 86 Rb ϩ rubidium efflux assays were performed. Whole-cell photolabeling was determined as previously described (27) . Briefly, cells were incubated for 30 glibenclamide plus and minus 1 mol/l cold glibenclamide, then cross-linked by exposure to UV light. Cells were washed with PBS and solubilized with loading buffer (30 mmol/l Tris, 1.25% SDS, 1 mmol/l EDTA, 50 mmol/l dithiothreitol, and 10% glycerol), and the extract was run on a 10% SDS acrylamide gel. Surface expression assay measured the relative amount of channel at the plasma membrane as previously described (26) . 86 Rb ϩ efflux assays were used to measure specific glibenclamide-inhibitable efflux, as previously described (27, 28) .
The patient studies were reviewed and approved by the Children's Hospital of Philadelphia institutional review board, and written informed consent was obtained from subjects or their parents. Table 1 summarizes the clinical features of the five known affected individuals in the family pedigree shown in Fig. 1 . The age at diagnosis ranged from 2 days to 40 years, and one child (patient IIIa) was considered to be asymptomatic. The latter was the only one of the patients whose birth weight was large for gestational age. All of the affected family members had documented fasting hypoglycemia, and three of the five (patients Ib, IIc, and IIIb) also had postprandial hypoglycemia secondary to protein sensitivity. Patient IIIb developed protein avoidance during infancy and continues at age 8 years to dislike protein.
RESULTS
Only one patient (IIb) had surgery to attempt to control hypoglycemia.
Hypoglycemia was treated with diazoxide in three of the affected individuals; the remaining two were either considered not to have symptomatic hypoglycemia (patient IIIa) or declined therapy (patient Ib). While on diazoxide, all of the three treated patients continued to have abnormal fasting tolerance, indicating that the diazoxide was not completely effective in controlling their hyperinsulinism. In addition, as noted below, protein-sensitive hypoglycemia was not fully prevented by diazoxide (Table 3) .
Three of the patients are currently Ͼ35 years old (Ib, IIb, and IIc). Only one (patient IIb) has developed diabetes, which has responded adequately to metformin treatment.
This individual is not obese and had undergone a partial pancreatectomy as a child. The father of patient Ib, who was undiagnosed but may have been affected, never developed diabetes. Tests of insulin secretion. Table 2 compares the AIRs in three members of the family with those found in children with recessive K ATP channel hyperinsulinism associated with SUR1 mutations, children with hyperinsulinism due to GDH mutations, and normal control adults. Both patients Ib and IIc had abnormal positive AIRs to calcium, normal negative responses to leucine, low-normal responses to glucose, and impaired responses to tolbutamide. Patient IIIa was not tested with calcium or leucine, but he also showed an impaired AIR to tolbutamide, while having a normal AIR to glucose. These abnormalities in AIR responses in the affected family members were different from the pattern seen in hyperinsulinism caused by mutations of GDH. However, they closely resembled the pattern of responses seen in patients with the most common recessive form of hyperinsulinism with mutations in SUR1 (homozygous g3992-9a and compound heterozygous g3992-9a/delPhe1388). Table 3 shows the responses to oral protein tolerance tests in two of the affected family members. In both cases, plasma glucose fell after the protein meal by more than the normal change of Ͻ10 mg/dl. Protein-sensitive hypoglycemia was also noted in the adult patient with recessive K ATP channel hyperinsulinism who was homozygous for the common g3992-9a mutation. As shown in Table 3 , diazoxide treatment failed to prevent protein-induced hypoglycemia in patient IIc, consistent with the observation that fasting hypoglycemia was also not fully controlled by diazoxide treatment in this family.
To further test pancreatic regulation of insulin secretion, the sensitivity of insulin release to glucose was examined in patient IIc using a graded hyperglycemic ramp. The result showed a glucose sensitivity of 18 U ⅐ ml Ϫ1 ⅐ 100 mg/dl Ϫ1 . This value was intermediate between the range of values found in normal adult control subjects (95% CI: 27-87 U ⅐ ml Ϫ1 ⅐ 100 mg/dl Ϫ1 ) and the values previously found in children with hyperinsulinism due to homozygous g3992-9a and compound heterozygous g3992-9a/delPhe1388 SUR1 mutations (Ϫ5 to 13 U ⅐ ml Ϫ1 ⅐ 100 mg/dl Ϫ1 ) (16) . Together with the abnormal pattern of AIRs and the poor responsiveness to diazoxide, these results suggested an underlying dysfunction of the K ATP channel similar that seen in recessive SUR1 patients with the common Ashkenazi Jewish mutations. Pancreatic histology. The pancreatic tissue obtained from patient IIb during subtotal pancreatectomy at 3 years of age was originally interpreted as showing "nesidioblastosis" (12) . Because the concept of nesidioblastosis as a specific feature of hyperinsulinism in infants has been discarded, sections from the original paraffin blocks were taken for reexamination. No region of focal adenomatosis was found. Nuclear enlargement (diameter Ͼ12 m) of a small percentage of islet cells was found throughout the pancreas. These findings are identical to those described by Rahier et al. (25) in infants with diffuse congenital hyperinsulinism associated with recessive mutations of the K ATP genes. Genetic analysis. Because insulin dysregulation in the affected members of the family appeared to be similar to the pattern associated with recessive homozygous g3992-9a and compound heterozygous g3992-9a/delPhe1388 SUR1 mutations, we reexamined the possibility of linkage to the SUR1/Kir6.2 locus on 11p using the intragenic polymorphisms shown in Table 4 . Polymorphisms found in five of the exons were informative for haplotyping members of the family. As shown in Fig. 1 , all affected family members shared a common haplotype at the SUR1/Kir6.2 locus, consistent with having a hyperinsulinism mutation located in this region. During the course of the linkage analysis, we discovered a three-nucleotide deletion in exon 34 of SUR1 (4159 -4161) that causes an in-frame deletion of a serine at codon 1387 (delSer1387). Screening of all other SUR1 exons failed to reveal any other potential disease-causing mutation. As shown in Fig. 1C , Xmn I restriction endonuclease digestion of exon 34 amplicons indicated that the delSer1387 was shared by all affected family members. It was noted that this potential disease-causing delSer1387 mutation is immediately adjacent to the delPhe1388 mutation that causes recessive hyperinsulinism in Ashkenazi Jews (4). Expression studies. To evaluate the effect of the SUR1 delSer1387 mutation on K ATP channel expression, trafficking, and function, mutant SUR1 was reconstituted with wild-type Kir6.2 in COSm6 cells to form mutant K ATP channels (29 -31) . Photolabeling of cells with the highaffinity sulfonylurea ligand [ 125 I]azido-glibenclamide showed no difference between the labeling patterns of mutant and wild-type SUR1 proteins ( Fig. 2A) . In contrast, as shown in lane 4, photolabeling of delPhe1388 SUR1, which is unable to traffic normally to the plasma membrane, showed an absence of the 170-kDa band, the location of the mature form of the receptor (32) . Surface immunofluorescence studies indicated that, when coexpressed with Kir6.2, the delSer1387 mutant SUR1 forms K ATP channels that traffic to the plasma membrane, similar to wild-type SUR1 (data not shown). Coexpression of an equimolar mixture of delSer1387 and wild-type SUR1 cDNA did not alter surface expression.
Glibenclamide-inhibitable [ 86 Rb ϩ ] efflux was examined to determine whether the mutant K ATP channels observed at the plasma membrane were functional. COSm6 cells coexpressing delSer1387 SUR1 protein with Kir6.2 protein exhibited no rubidium efflux in response to a combination of metabolic inhibition (to lower ATP concentrations) in the presence of diazoxide (Fig. 2B) , indicating that K ATP channels containing delSer1387 SUR1 were not functional. Expression studies performed with equimolar mixtures of wild-type and delSer1387 SUR1 yielded COSm6 cells that showed glibenclamide-inhibitable rubidium efflux similar to control. Thus, the mutant delSer1387 SUR1 did not block expression of the wild-type protein. Taken together, these studies confirmed that delSer1387 SUR1 is a diseasecausing mutation.
DISCUSSION
The combination of clinical, genetic, and expression studies demonstrate that congenital hyperinsulinism in this family is caused by a delSer1387 mutation of SUR1 that is transmitted in an autosomal-dominant fashion. This conclusion is supported by the similarities of insulin dysregu- lation in this family to the abnormalities previously found in the recessive form of hyperinsulinism associated with the two common Ashkenazi Jewish SUR1 mutations g3992-9a and delPhe1388 (15, 16) . Linkage analysis in the family using polymorphisms contained within the SUR1 gene was consistent with dominant transmission of a defect at this locus. Mutation analysis identified a potential disease-causing mutation, delSer1387 in exon 34 of SUR1. Coexpression of the delSer1387 mutant SUR1 protein with wild-type Kir6.2 confirmed that the mutation encodes a K ATP channel with impaired function. The features of abnormal islet function in the family are consistent with impairment of the ␤-cell plasma membrane K ATP channel. As shown in Fig. 3 , activity of this channel is inhibited by the increase in the ATP-to-ADP ratio during stimulation of the ␤-cell by glucose and other fuels; the inhibition of potassium efflux results in membrane depolarization and activation of a voltage-gated calcium channel that ultimately triggers release of insulin from stored granules. A combination of observations in affected family members directed attention to the K ATP channel as the probable site of defect: 1) impaired AIR to the channel inhibitor tolbutamide, 2) abnormal positive AIR to calcium, 3) diminished responsiveness to either acute or graded glucose stimulation, and 4) incomplete suppression of fasting or protein-induced hypoglycemia by treatment with the channel agonist diazoxide. This pattern of abnormalities mimics that previously noted in children with recessive hyperinsulinism associated with g3992-9a or delPhe1388 SUR1 mutations. In addition, the ␤-cell histological abnormalities seen in the pancreas of one of the family members were identical to those that have been described in children with recessive K ATP channel hyperinsulinism (25) . Unlike the latter patients, most of the family members did not show evidence of fetal overgrowth and did not present with hypoglycemia as neonates. They also appeared to be partially responsive to diazoxide therapy, suggesting that individuals with the delSer1387 mutation do not have a complete loss of function of the channel. Residual K ATP channel function may explain why the mother of the index patient was not diagnosed until adult life and why symptomatic hypoglycemia was not recognized in either the index patient's son or maternal grandfather.
It should be emphasized that individuals with the delSer1387 SUR1 mutation were sensitive to protein-induced hypoglycemia, although, unlike patients with hyperinsulinism caused by GDH mutations, they did not have abnormal AIRs to leucine. Protein sensitivity has not been well studied in children with recessive K ATP channel hyperinsulinism. However, as noted in Table 3 , one disease control hyperinsulinism patient who was homozy- gous for the g3992-9a SUR1 mutation also demonstrated marked susceptibility to protein-induced hypoglycemia (Table 2) . Thus, protein sensitivity, without leucine sensitivity, might be a more common feature of K ATP channel forms of hyperinsulinism than has been recognized. Unlike children with the hyperinsulinism/hyperammonemia syndrome, patients with K ATP channel hyperinsulinism do not have abnormalities of GDH. The mechanism by which protein stimulates insulin release in the K ATP channel form of hyperinsulinism requires further investigation.
Previous linkage studies in the present family using tandem-repeat haplotype markers on 11p had appeared to exclude the SUR1/Kir6.2 region (9). These older studies showed a transversion between the proband (IIb) and his brother (IIc) in a region that was believed, at the time, to contain the SUR1 locus. However, reexamination of the data using current improved map assignments indicates that microsatellite markers D11S902 and D11S921 were transposed in the original analysis. Thus, with correct map assignments, linkage to the SUR1/Kir6.2 region could not be excluded. In the present study, we used intragenic polymorphisms within the SUR1 gene for haplotyping. These data provided a clear demonstration that linkage of the hyperinsulinism to SUR1 in this family was possible (Fig. 1) , and they led to the successful search for the disease-causing mutation.
Huopio et al. (8) described an extended Finnish family with congenital hyperinsulinism caused by a different dominantly expressed SUR1 missense mutation, Glu1507Lys. In contrast to patients with recessive hyperinsulinism associated with the two common Ashkenazi Jewish SUR1 mutations, g3992-9a and delPhe1388, hypoglycemia in the family Huopio et al. studied appeared to be responsive to diazoxide therapy. It is not clear whether Huopio et al.'s patients were completely responsive to diazoxide or, like the members of our family, hypoglycemia was only partially controlled by diazoxide. As in the present family, pancreatic tissue from one of Huopio et al.'s case subjects showed the same abnormalities of islet nuclear enlargement seen in children with recessive K ATP channel hyperinsulinism.
The obligate carriers in Huopio et al.'s (8) dominant SUR1 Glu1507Lys family had histories consistent with symptomatic hypoglycemia in early childhood. However, many developed glucose intolerance or type 2 diabetes as adults. Huopio et al. speculated that susceptibility to diabetes with increasing age might reflect progressive ␤-cell failure caused by the channel defect because evidence of increased ␤-cell apoptosis has been reported in the pancreas of infants with recessive K ATP channel hyperinsulinism (33) . Recently, Huopio et al. (34) reported decreased insulin responses to oral and intravenous glucose tolerance tests in the nondiabetic adult carriers of the Glu1507Lys mutation, which they interpret as evidence of progressive ␤-cell failure. In our family with the delSer1387 mutation, however, diabetes was not a feature. Instead, hypoglycemia persisted into adult life beyond age 60 in one of the affected members, as well as in her father, who was probably affected. Type 2 diabetes developed after age 30 in the index patient in the present family. This may have been partly due to previous partial pancreatectomy; however, his diabetes may also reflect impaired islet sensitivity to glucose, as seen with the glucose ramp study in his brother. Blunted insulin responses to bolus intravenous glucose were also common in the present family and in children with the recessive form of hyperinsulinism associated with the SUR1 mutations g3992-9a and delPhe1388. Thus, the poor insulin responses to glucose noted in adults with the Glu1507Lys SUR1 mutation by Huopio et al. may reflect the "glucose blindness" that is directly attributable to impaired K ATP channel function, rather than progressive ␤-cell apoptosis.
In the present family, it is noteworthy that the serine deletion at amino acid 1387 of SUR1 causes dominant hyperinsulinism, whereas a deletion of the adjacent phenylalanine at residue 1388 causes recessive hyperinsulinism. Unlike patients with the dominant delSer1387 mutation, heterozygote carriers with the recessive delPhe1388 defect do not have hypoglycemia or evidence of abnormal insulin regulation, including normal AIRs to calcium, glucose, and tolbutamide (15, 16) . In addition, hyperinsulinism has been associated with a missense mutation at codon 1387 that replaces serine with phenylalanine (35) . In this case, and in a second child we have identified with the Ser1387Phe mutation, surgery revealed diffuse disease, but no second mutation was found. Thus, it is possible that both deletion and substitution of codon 1387 may be expressed dominantly.
The reason for the dominant effect of the delSer1387 mutation may relate to the fact that the channel is a hetero-octameric complex composed of four SUR1 and four Kir6.2 subunits. Another plasma membrane ion channel in which dominant and recessive mutations of the same gene have been noted is the KVLQT1 gene, associated with the long QT syndrome (36) . In this case, the functional channel protein is also a multimer containing four KVLQT1 subunits. Expression studies showed that the mutant SUR1 delSer1387 is expressed as a stable protein, retains its binding site for glibenclamide, and associates with Kir6.2 protein to form channel complexes that traffic normally to the plasma membrane. This contrasts with the delPhe1388 mutant SUR1, which fails to be trafficked to the plasma membrane and is expressed in recessive fashion. The activity of the channels formed with delSer1387 SUR1 was impaired as assessed by [ 86 Rb ϩ ] efflux. Under the conditions used in the present studies, mixing experiments were unable to demonstrate a dominant-negative effect of the SUR1 delSer1387 mutant. This is similar to the studies of the dominant Glu1507Lys mutation reported by Huopio et al. (8) , which also failed to show a dominant-negative effect when coexpressed with wild-type SUR1. In both cases, this may reflect methodological limitations. Preliminary electrophysiological studies of the delSer1387 show evidence of residual channel activity similar to that found with the Glu1507Lys mutation.
The mechanism of hyperinsulinism associated with heterozygosity for the delSer1387 mutation remains speculative. However, it might be explained by a reduction in the number of active K ATP channels to a point that the plasma membrane is partly, but not completely, depolarized. Assuming that channels containing one or more delSer1387 SUR1 subunits are not able to function, patients would be predicted to have only 1/16 the normal number of channels. By comparison, a 50% reduction in the channel number would be expected with defects, such as delPhe1388 and other recessive mutations, which do not interfere with expression of the wild-type SUR1. In the patients with the delSer1387 mutation, partial depolarization of the ␤-cell plasma membrane could explain their inability to adequately suppress insulin release during fasting, similar to a normal subject given a submaximal dose of a long-acting sulfonylurea. The partial responsiveness of the patients to diazoxide could reflect the activating action of the drug on the limited number of normal channels, which might be sufficient to increase potassium current and partly restore membrane hyperpolarization.
In summary, the present studies characterize a form of congenital hyperinsulinism with the unusual feature of being caused by a delSer1387 mutation of SUR1, which is dominantly expressed, rather than the commonly described recessively expressed mutations of this gene. The clinical phenotype of this delSer1387 form of hyperinsulinism and of a previously described dominant SUR1 mutation is slightly milder than is typical of many children with recessive mutations of the SUR1/Kir6.2 complex. However, these dominant SUR1 mutations clearly can have severe consequences, including hypoglycemic seizures or permanent brain damage. Pharmacological stimulation tests of insulin release proved to be useful in identifying the site of defect in insulin secretion and the likely candidate genes in this family. These clinical diagnostic methods may provide an important alternative to genetic diagnosis for discovering the underlying site of defect in other forms of congenital hyperinsulinism.
